Deep marine subsurface sediments represent a novel archaeal biosphere with unknown physiology; the sedimentary subsurface harbors numerous novel phylogenetic lineages of archaea that are at present uncultured. Archaeal 16S rRNA analyses of deep subsurface sediments demonstrate their global occurrence and wide habitat range, including deep subsurface sediments, methane seeps and organic-rich coastal sediments. These subsurface archaeal lineages were discovered by PCR of extracted environmental DNA; their detection ultimately depends on the specificity of the archaeal PCR 16S rRNA primers. Surprisingly high mismatch frequencies for some archaeal PCR primers result in amplification bias against the corresponding archaeal lineages; this review presents some examples. Obviously, most archaeal 16S rRNA PCR primers were developed either before the discovery of these deep subsurface archaeal lineages, or without taking their sequence variants into account. PCR surveys with multiple primer combinations, revision and updates of primers whenever possible, and increasing use of PCR-independent methods in molecular microbial ecology will contribute to a more comprehensive view of subsurface archaeal communities.
Introduction
Deep marine subsurface sediments are one of the most extensive microbial habitats on Earth. Marine sediments cover more than two-thirds of the Earth's surface, and microbial cells and microbial activity (bacteria and archaea) appear to be widespread in these sediments. As a general rule, microbial cell counts in subsurface sediments decreases logarithmically with depth, most likely as a result of decreasing organic carbon quality and availability in aged, deeply buried sediments (Parkes et al., 2000) . Sufficient cell count data are available to allow initial quantitative assessments of subsurface microbial populations in relation to Earth's overall biomass. The microbial cells of subseafloor sediments have been estimated to constitute 1/2-5/6 of Earth's microbial biomass (Whitman et al., 1998) and 1/10-1/3 of Earth's total living biomass (Whitman et al., 1998; Parkes et al., 2000) . These deep subsurface populations are at least to some extent metabolically active. Small subunit (16S) rRNA-dependent counts of bacterial and archaeal cells (Schippers et al., 2005; Biddle et al., 2006) and analysis of intact membrane lipids (Sturt et al., 2004; Biddle et al., 2006) provide multifaceted evidence of active microbial populations in deep subsurface sediments on a global scale.
Investigating the energy and carbon sources and the metabolism of these active subsurface bacteria and archaea, and documenting their community composition in different habitats and geochemical settings, remain current challenges of deep subsurface microbiology. Prokaryotic activity, in the form of sulfate reduction and/or methanogenesis, occurs in deep sediments throughout the world's oceans (D'Hondt et al., 2002) . Sulfate, the most highly concentrated electron acceptor in seawater and consequently the dominant electron acceptor for anaerobic metabolism in marine sediments (Jørgen-sen, 1982) , penetrates deep marine subsurface sediments on a scale of tens to hundreds of meters, depending on organic carbon availability. Comparative studies of organic-rich and organic-poor deep marine subsurface sediments have demonstrated the effects of electron donor and electron acceptor limitation (D'Hondt et al., 2002 (D'Hondt et al., , 2004 . In organicrich coastal sediments, heterotrophic microbial populations deplete sulfate and other electron acceptors quickly within a few meters of the sediment-water interface; the increasing scarcity of electron acceptors imposes energetic constraints on deep subsurface microbial communities. In contrast, the entire sediment column from seawater interface to basement basalt can be permeated by sulfate and other electron acceptors in organic-poor sediments with low microbial population density and activity, Here, low concentrations of organic carbon substrates limit microbial abundance and activity (D'Hondt et al., 2002 (D'Hondt et al., , 2004 .
Are there specific microorganisms that thrive in the sedimentary subsurface under conditions of permanent, two-pronged energy limitation, limited organic carbon or electron acceptor availability? This review focuses on archaea in the deep marine sedimentary subsurface. The archaeal communities in marine subsurface sediments are particularly interesting for the following reasons: (1) They consist almost exclusively of uncultured, mutually exclusive phylogenetic lineages that have been discovered only within the last few years (for example, see the seminal study by Vetriani et al., 1999) ; (2) archaea are most likely the dominant microbial domain of the deep marine subsurface. Often, archaeal cells occur in higher numbers than bacterial cells, independently confirmed by fluorescence in situ hybridization (FISH) counts and lipid quantification and contesting earlier claims to the contrary (Schippers et al., 2005) . Metagenomic surveys of the deep subsurface also support dominance of archaea over bacteria (Biddle, 2006) . (3) The diverse range of archaeal metabolisms and extremophilic physiologies has evolved as adaptations to energy limitation in difficult or inhospitable environments (Valentine, 2007) , such as the deep marine subsurface; (4) As far as we know, production and consumption of methane, two of the most widespread biogeochemical processes in subsurface sediments, are mediated strictly by members of the archaeal domain.
Here, we review the major archaeal phylogenetic lineages that occur typically in the deep marine sedimentary subsurface, and update a more general review on subsurface microbiology (Teske, 2006) by digging deeper into the diversity of subsurface archaea and their detection. The first section of this review is intended as a guide through the maze of novel archaeal phylogenetic lineages in the subsurface, illustrated by a 16S rRNA phylogeny of these uncultured archaeal subsurface lineages and selected cultured archaea (Figure 1 ). Reliable identification of new archaeal 16S rRNA clones, including recognition of their phylogenetic affiliation to specific archaeal lineages, is essential for understanding the habitat range and environmental preferences of these uncultured archaea. Many archaeal phylotypes in environmental sequencing surveys are not properly identified or assigned to specific archaeal lineages in the original publications (examples in Coolen et al., 2002; Kim et al., 2005; Stein et al., 2002) ; the synonyms and equivalent designations that different research teams have introduced for one and the same lineage only increase the confusion.
In the second section, we re-examine the molecular tools-PCR primers-that were instrumental in detecting this new world of archaeal subsurface lineages. We highlight detection biases and recommend solutions for reducing detection bias, allowing more comprehensive archaeal population analyses.
We note that not only the microbial nomenclature is currently in flux, but also the concept of 'deep subsurface'. A total of 3-4 m sediment depth in coastal sediments is not considered 'deep subsurface', although many bacteria and archaea that are characteristic for much deeper sediment layers are readily detectable at these moderate depths (Wilms et al., 2006a, b; Parkes et al., 2007) . On the other hand, many 'deep subsurface' sediment samples obtained by deep subsurface drilling are within 1-2 m of the sediment surface; some geochemical analyses, for example nitrate porewater gradients, focus by necessity on near-surface sediment layers (D'Hondt et al., 2004) . As a guideline for defining the deep subsurface by microbial ecological criteria, we suggest that sediment layers with distinct microbial communities that lack a microbial imprint of water column communities, should be considered deep subsurface. In other words, the sediment horizon where water column bacterial and archaeal communities are fading out, and solely sedimenttypical bacterial and archaeal communities are remaining, defines the upper boundary of the deep subsurface; the position of this boundary would be locally variable. The sediment layers between this boundary and the sediment-water interface would be considered shallow subsurface, and they would be characterized by mixed water column and sediment communities of archaea and bacteria.
Archaeal subsurface lineages
The Marine Benthic Group B (MBG-B) MBG-B Archaea were proposed by Vetriani et al. (1999) ; the group is synonymous with the Deep-Sea Archaeal Group (DSAG) as defined by Inagaki et al. (2003) . MBG-B archaea represent one of the dominant archaeal lineages in clone libraries of archaeal 16S rRNA and occur in a wide range of sampling sites and sediment types. They were originally found in surficial sediments on the continental slope and abyssal plain of the North Atlantic (Vetriani et al., 1999) and at hydrothermal vent sites (Takai and Horikoshi, 1999 (Knittel et al., 2005) , surficial methane seep sediments in the Gulf of Mexico , deep-sea sediments from the Okhotsk Sea (Inagaki et al., 2003) , hydrate-containing sediments of the Pacific Margin and in the Nankai Trough (Reed et al., 2002; Newberry et al., 2004; Inagaki et al., 2006) , organic-poor subsurface sediments from the Equatorial Pacific (Sørensen Figure 1 Phylogenetic tree of eury-and crenarchaeal groups discussed in the text. The tree was constructed from an alignment of 4600 unambiguously aligned base pairs using Jukes-Cantor for distance calculations followed by neighbor-joining (Sørensen and Teske, 2006) . The stability of the branching pattern was evaluated by bootstrapping (1000 replicates). The resulting bootstrap values are indicated at each node in the tree.
Deep marine subsurface archaea A Teske and KB Sørensen et al., 2004) and in diverse hydrothermal vent sites (Takai and Horikoshi, 1999; Reysenbach et al., 2000; Teske et al., 2002) . MBG-B Archaea are not limited to deep-sea marine sediments, methane seeps and vents, but occur in coastal, intertidal sediments as well (Kim et al., 2005) . Published phylogenies show the DSAG/MBG-B Archaea as a basal group next to Euryarchaeota (Reed et al., 2002) or more frequently to the Crenarchaeota (Takai and Horikoshi, 1999; Vetriani et al., 1999; Takai et al., 2001; Inagaki et al., 2003; Sørensen et al., 2004; Knittel et al., 2005) . Highly conserved, phylum-specific 'signature' 16S rRNA nucleotide positions show a mix of eury-and crenarchaeotal signature nucleotides (Vetriani et al., 1999) . Most deeply-branching DSAG/MBG-B Archaea were found in hydrothermal vents, whereas the uppermost branches (the 'crown') of the tree consists of phylotypes occurring in cold sediments and carbonates (Teske, 2006) (Figure 1) . DSAG/MBG-B Archaea are not just present, but they are metabolically active in the deep subsurface, and their 16S rRNA can be isolated in sufficient amounts from deep marine subsurface sediments to permit reverse transcription, cloning and sequencing. 16S rRNA and 16S rRNA gene surveys give compatible results for subsurface sediments that have been examined with both approaches. A good example is ODP Site 1230 in the Peru Trench; the methane-sulfate transition layer harbors metabolically active DSAG/MBG-B Archaea that are detectable by reverse 16S rRNA transcription as well as by DNA isolation and PCR . At ODP Site 1227 on the Peru Margin, active DSAG/MBG-B Archaea were found to dominate a narrow sediment horizon sandwiched between other archaeal populations within the broad methane-sulfate transition zone ( Figure 2) ; interestingly, this DSAG/MBG-B layer was not detected in 16S rDNA surveys . These results suggest that the MBG-B Archaea may benefit directly or indirectly from anaerobic methane oxidation in marine sediments (Sørensen and Teske, 2006) . Another link to methane was found in a 16S rDNA sequencing survey of four eastern Pacific continental margin subsurface sediments ; here, DSAG/MBG-B Archaea dominated sediment columns that contained methane hydrates; whereas other archaea dominated the non-hydrate sediments . 
Deep marine subsurface archaea A Teske and KB Sørensen
However, DSAG/MBG-B Archaea are clearly not limited to methane-sulfate transition zones in the manner of anaerobic, sulfate-dependent methaneoxidizing archaea, but they occur almost anywhere in methanogenic, anaerobic sediments. In the eastern Pacific continental margin subsurface sediments, DSAG/MBG-B Archaea dominated extensive sediment columns (ODP Sites 1230, 1244, 1245 and 1251) that contained methane hydrates in highly reduced, sulfate-free sediments, whereas other archaeal groups dominated the non-hydrate sediments . Stable carbon isotopic signatures of archaeal phospholipids and archaeal cell biomass from ODP Sites 1227 and 1230 showed that buried organic carbon, not methane, is the primary carbon source for archaeal communities at methane-sulfate interface sediments that yielded mostly DSAG/MBG-B archaeal clones . Assimilation of buried organic carbon and lack of assimilation of methane-derived carbon would be consistent with three types of metabolism: heterotrophic fermentation of buried biomass; assimilation of organic carbon sources while performing methane oxidation solely for energy generation ; and-a speculative possibility-microbial ethanogenesis by acetate reduction, a recently proposed, thermodynamically feasible and microbiologically mediated process in deep subsurface sediments (Hinrichs et al., 2006) .
So far, microscopy of archaeal cells in deep subsurface sediments using FISH techniques has detected individual cells distributed in the sediment, but no biofilms or cell clusters (MauClaire et al., 2004; Schippers et al., 2005; Biddle et al., 2006) . In near-surface habitats, growth in aggregates is clearly possible. DSAG/MBG-B Archaea have been visualized by rRNA-targeted FISH hybridization in Black Sea microbial mats growing on carbonate reefs; in this habitat, they appear as small (o1 mm), coccoid or slightly elongated cells, growing in clusters (Knittel et al., 2005) .
The Ancient Archaeal Group (AAG) and The Marine Hydrothermal Vent Group (MHVG)
The AAG and MHVG archaea are deeply branching, recently found archaeal lineages that share the vent and subsurface habitat of the DSAG/MBG-B Archaea. Both lineages are not subsumed under any other eury-or crenarchaeotal lineage (Figure 1 ). Published phylogenies (Takai and Horikoshi, 1999; Inagaki et al., 2003) indicate that these groups originate in the deep phylogenetic radiation near the base of the Crenarchaeota. The MHVG Archaea were originally detected at hydrothermal vent sites near Japan (clone pMC2A15; Takai and Horikoshi, 1999) and were defined as a phylogenetic lineage after finding closely related phylotypes in cold sediments in the Okhotsk Sea (Inagaki et al., 2003) . AAG phylotypes were originally found at hydrothermal vent sites near Japan (Takai and Horikoshi, 1999) , and recently in cold, organic-rich Peru Margin subsurface sediments at ODP Site 1227 (Sørensen and Teske, 2006) . The Peru Margin phylotypes were obtained by reverse transcription of extracted rRNA, indicating that these archaea harbor intact 16S rRNA and therefore represent a living population in the subsurface (Sørensen and Teske, 2006) . Since both the AAG and MHVG have so far only been detected in a few studies, their biogeographical distribution and habitat preference remain poorly understood.
The Miscellaneous Crenarchaeotic Group (MCG)
The MCG archaea are one of the predominant archaeal groups in 16S rRNA clone libraries obtained from marine deep subsurface sediments. In contrast to the marine benthic DSAG/MBG-B group, the MCG Archaea have a much wider habitat range that includes terrestrial and marine, hot and cold, surface and subsurface environments (Teske, 2006) . Phylotypes of the MCG from the deep terrestrial subsurface in South African goldmines and from other terrestrial habitats constituted the 'Terrestrial Miscellaneous Crenarchaeotic Group' (Takai et al., 2001) . After the discovery of marine phylotypes, the group was renamed 'Miscellaneous Crenarchaeotic Group' (Inagaki et al., 2003) . The label 'miscellaneous' appears to reflect the difficulty to categorize the wide terrestrial and marine habitat range of this group, including terrestrial palaeosol (Chandler et al., 1998) , freshwater lakes (Stein et al., 2002) , surficial marine sediments (Vetriani et al., 1999) , diverse marine subsurface sediments (Coolen et al., 2002; Reed et al., 2002; Inagaki et al., 2003 Inagaki et al., , 2006 Newberry et al., 2004; Parkes et al., 2005; Biddle et al., 2006; Sørensen and Teske, 2006) , terrestrial hot springs (Yellowstone; Barns et al., 1996) and marine hydrothermal vents (Guaymas Basin; Teske et al., 2002) . At present, no other deep subsurface archaeal lineage has such a diversified habitat range. The rapidly growing numbers of MCG clones from different environments, and the high intragroup phylogenetic depth of the MCG Archaea necessitated dividing this unusually large group with hundreds of clones into smaller, more manageable subgroups (PM-1 to PM-8; Parkes et al., 2005;  MCG-1 to MCG-4; Sørensen and Teske, 2006) . Additional subgroups of the MCG Archaea include the Marine Benthic Group C, defined by Vetriani et al., (1999) , and the NT-A3 and NT-A4 groups from deep marine hydrate-bearing sediments (Reed et al., 2002) (Figure 1 ). To alleviate this confusing situation and to clear up the nomenclature, a thorough re-analysis of the MCG Archaea for potential links between phylogenetic structure and habitat characteristics is clearly overdue.
Beyond mere presence, MCG Archaea are metabolically active in the deep subsurface; 16S rRNA and rDNA analyses of deep subsurface sediments from the same locations have yielded largely consistent and compatible results. At ODP Site 1229 on the Peru Margin, MCG Archaea dominate archaeal clone libraries based on extracted and PCR-amplified 16S rRNA genes , and of reverse-transcribed 16S rRNA . At ODP Site 1227 on the Peru Margin, MCG Archaea were abundant in 16S rRNA gene clone libraries from all depths and they dominated the reverse-transcribed 16S rRNA pool in all sediment layers except the DSAG/MBG-B horizon discussed above (Sørensen and Teske, 2006) .
Carbon-isotopic signatures of archaeal cells and polar lipids from MCG-dominated sediment horizons indicate utilization of buried organic carbon by the archaeal community . Interestingly, the MCG Archaea dominate in archaeal clone libraries from nutrient-rich sapropel layers or volcanic ash horizons embedded in sediment columns that consist otherwise of organic-poor hemipelagic carbonates and clays (Coolen et al., 2002; Inagaki et al., 2003) . The DSAG/MBG-B Archaea did not show this conspicuous distribution pattern. These findings support the working hypothesis that MCG Archaea are heterotrophic anaerobes that utilize and assimilate complex organic substrates.
The Marine Group I (MG-I) Archaea MG-I Archaea were originally identified by sequencing of environmental 16S rRNA genes from seawater (DeLong, 1992; Fuhrman et al., 1992) . MG-I Archaea account for a major portion of all prokaryotic picoplankton in seawater (DeLong et al., 1994; Fuhrman and Ouverney, 1998; Karner et al., 2001 ). In the deep-sea water column below ca. 3000 m depth, MG-I Archaea constitute the majority of prokaryotic picoplankton (Karner et al., 2001 ). However, MG-I Archaea are also found in the marine sedimentary subsurface; they penetrate several meters into the seafloor at organic-poor open ocean sites in the Equatorial Pacific (ODP Site 1225; Teske, 2006) and in the Peru Basin (ODP Site 1231; Sørensen et al., 2004) .
Functional gene surveys (Francis et al., 2005) , cultivations and pure-culture study (Kö nneke et al., 2005) and whole-genome sequencing (Hallam et al., 2006a, b) indicate that at least some members of the MG-I Archaea are aerobic, autotrophic ammonia oxidizers. The first cultured representative of the Marine Group I is an aerobic, chemolithoautotrophic, nitrifying archaeon that oxidizes ammonia to nitrite (Kö nneke et al., 2005) . The ammonia monooxygenase genes of MG-I Archaea are ubiquitous in marine water column and surficial sediment (Francis et al., 2005) . The habitat preference of MG-I Archaea for the surface layers of oxidized, organicpoor marine sediments is consistent with an aerobic metabolism and an ability to take up inorganic dissolved carbon and to fix carbon autotrophically (Pearson et al., 2001; Wuchter et al., 2003; Ingalls et al., 2006) . The ability to assimilate amino acids indicates that autotrophy is not obligate (Ouverney and Fuhrman, 2000) . Also, carbon-isotopic composition of MG-I archaeal lipids suggests some degree of organic carbon assimilation, perhaps in a mixotrophic metabolism (Ingalls et al., 2006) .
MG-1 phylotypes found in subsurface sediments form several phylogenetic clusters distinct from the seawater representatives (Sørensen et al., 2004) . The implications of this are not clear, but one possibility is that specialized groups of MG-1 Archaea tolerate the subsurface conditions well enough to persist and evolve in this environment. Therefore, MG-I archaeal clones should not be dismissed as seawater contaminants without examination for phylogenetic affinity to subsurface or sediment clusters. Independent contamination assays have to be carried out to exclude or to minimize and quantify seawater contamination of deep marine sediments (Smith et al., 2000; House et al., 2003; Lever et al., 2006) . In some cases, deep subsurface MG-I clones fall into phylogenetic clusters of MG-I phylotypes from other unusual environments. For example, the MG-I phylotypes recovered from deep subsurface sediment of ODP Site 1230 fall into the MG-I g and d subclades that consist of deepwater MG-I phylotypes recovered from bottom water near hydrothermal vent sites (Takai et al., 2004) .
The South African Goldmine Euryarchaeotal Group (SAGMEG) SAGMEG was originally discovered in the deep terrestrial subsurface, in South African goldmines (Takai et al., 2001) , and was regarded as a terrestrial group of subsurface archaea. However, SAGMEG Archaea were next found in deep marine sediments containing methane hydrates in the Nankai Trough, here labeled NT-A1 group (Reed et al., 2002) ; in marine subsurface sediments in the Sea of Okhotsk (Inagaki et al., 2003) , and repeatedly in marine sediments of the Peru Margin, at ODP Sites 1227 , 1228 and 1229 Webster et al., 2006) . The SAGMEG Archaea have been detected by rRNA extraction, reverse transcription, cloning and sequencing, and therefore appear to be a metabolically active archaeal group in deep marine subsurface sediments (Sørensen and Teske, 2006) ; they are a part of the heterotrophic archaeal community in deep, anaerobic and methanogenic Peru Margin sediments at ODP Site 1227 .
The Marine Benthic Groups A and D (MBG-A, MBG-D)
MBG-A and MBG-D have been detected in few samples and sites, and usually do not dominate deep subsurface clone libraries (Table 6 ). These crenarchaeotal groups were found in 16S rDNA surveys of push cores retrieved from surficial (Takai and Horikoshi, 1999) . Clones of these groups occur in deep subsurface sediments of Leg 201 Sørensen and Teske, 2006; Webster et al., 2006) , and in surficial marine sediments from around the world (Knittel et al., 2005) . The detection of MBG-D in reverse-transcribed 16S rRNA clone libraries from Sites 1227 and 1228 indicates that the group is metabolically active in subsurface environments. MBG-A Archaea were found in ODP Site 1225 (Teske, 2006) , and MBG-D Archaea were found in ODP Sites 1227 and 1230 . In contrast to MG-I Archaea, they were not detected in the water column and appear to be benthic, sediment-dwelling archaea. Interestingly, a clone of the MBG-A Archaea was found in enrichment cultures inoculated with Site 1230 sediment, and incubated under aerobic conditions at 10 1C (Biddle et al., 2005) .
The Terrestrial Miscellaneous Euryarcheotal Group TMEG was originally based on clones from South African gold mines and other terrestrial environments (Takai et al., 2001) . At present, this group includes phylotypes from the terrestrial subsurface and soils, marine sediments and freshwater lakes; it forms a sister group to Marine Benthic Group D (Teske, 2006) and to the Marine Group II and III Archaea (DeLong, 1998) within the Thermoplasmatales (Figure 1) . The habitat range of TMEG Archaea is therefore similarly wide as the MCG Archaea, spanning both aquatic and terrestrial sites.
The Deep-Sea Hydrothermal Vent Euryarchaeotal Group 6 DHVE-6 was originally defined by Takai and Horikoshi (1999) as a hydrothermal vent lineage. Renamed Miscellaneous Euryarcharotic Group, it included clones from terrestrial soil and marine sediments (Takai et al., 2001) , also from organicpoor marine subsurface sediments (Sørensen et al., 2004) . Similar to TMEG, this group spans the terrestrial-marine divide.
Archaeal PCR primers and their biases
PCR is an extremely powerful technique used to identify microorganisms in the environment based on DNA or RNA extracts. The archaeal groups discussed in the previous section were all originally discovered by amplifying and characterizing DNA extracts from environmental samples, and most of the current knowledge concerning deep subsurface biogeography has been obtained by PCR-based techniques (for example, Inagaki et al., 2006) . Unfortunately, a major limitation of PCR is that only phylotypes containing matching (or nearly matching) priming sites may be detected. To some degree, the effect of a single nucleotide mismatch on PCR amplification may be compensated by annealing temperature (for example, Ishii and Fukui, 2001 ) but with an increasing number of mismatches, the amplification efficiency will decrease. Application of primers that match only part of the archaeal population will therefore directly affect results by under-representing or excluding groups of archaea that have frequent mismatches. In the following section, we evaluate a number of archaeal 16S rRNA primers by comparing them to their respective annealing sites in representatives of archaeal groups from subsurface environments. The analysis reveals how some phylogenetic lineages of archaea have been missed by PCR due to primer mismatches, and how the relative proportion of archaeal groups in clone libraries may have been distorted by selective priming.
Primer mismatches
Frequently used internal PCR primers for archaeal 16S rRNA were compared to their respective annealing sites in a selection of over 550 sequences obtained from subsurface and deep-sea hydrothermal vent environments. The online Supplementary material contains the complete list of these sequences including Genbank accession numbers. The sequences of each of the primers tested and examples of studies where they have been employed are given in Table 1 . Three of the primers, ARC344f (A) and (B) (Raskin et al., 1994) and ARC349F (Takai and Horikoshi, 2000) , target a relatively conserved sequence of the archaeal 16S rRNA gene within helices H339 and H47 (helix numbering according to Comparative RNA Web; Cannone et al., 2002) . Primer ARC349F was designed for taq-man based PCR quantification of archaeal populations in combination with probe ARC516 and reverse primer ARC806R (Takai and Horikoshi, 2000) . Primers ARC519R and PARCH519F/R (Ovreas et al., 1997) target the highly conserved region within helices H505 and H511. PARCH519F/R is a shorter version of the universal probe suggested by Pace et al. (1986) , and not specific to the archaea. Primers ARC915R and Ar9R (Jurgens et al., 1997) both specifically target the archaeal domain. The target region lies within helices H885 and H17 in the central part of the 16S rRNA molecule. Primer Ar9R is near identical to ARC927R (Kormas et al., 2003) ; the only difference is an additional C at the 3 terminus in Ar9. ARC915R is a slightly altered version of the primer UNIV915R (Zheng et al., 1996) that target specifically the archaea. Primer ARC915R and ARC958R (Helix H960; DeLong, 1992) have been the most commonly used reverse primers in studies of subsurface sediments, most often in combination with a primer targeting the extreme 5 0 -end of the archaeal 16S rRNA gene. The frequencies of mismatches with each of these 10 primers within different phylogenetic groups of archaea are summarized in Table 2 . Since potential PCR bias depends strongly on the nature of the detected mismatches, Table 3 gives also the average number of mismatching nucleotides per sequence. Deletions or insertions were counted as one mismatch regardless of the number of nucleotides involved. Values larger than 1.0 are in bold in Table 3 . This is done in order to highlight phylogenetic groups that are likely to be underrepresented during PCR, but we emphasize that the threshold of 1.0 is arbitrary. Detected mismatches with primers ARC915R and ARC958R are further detailed in Tables 4 and 5 . Similar tables for the other primers are given in Supplementary Tables S1-S8 of the online Supplementary material.
The most general primers were ARC519R and PARCH519F/R, matching 91 and 95% of our archaeal subsurface sequence database, respectively. Since primer PARCH519 is not specific to the archaea, primer ARC519R appears to be the most Deep marine subsurface archaea A Teske and KB Sørensen general of the archaeal primers that were tested. Probe ARC516 is longer than the two primers targeting the same region and it contains several mismatches within both the 3 0 and the 5 0 end. It matches 78% of the sequences (Table 2) . Generally, these primers near position 519 had a low number of mismatching nucleotides in the target region of all the phylogenetic groups. Primer ARC806R matches 89% of the phylotypes included in the analysis. The average number of mismatching nucleotides was 0.2, which is almost as low as ARC519R. Several members of the DSAG/MBG-B archaea contained a large insert of varying length near the middle of the target region of primer ARC806R. The primers ARC915R and Ar9R match in total 66 and 69% of the archaeal phylotypes, and the average number of mismatching nucleotides were 0.5 and 0.9, respectively. Primer ARC958R matches in total 36% of the phylotypes, with an average of one mismatching nucleotide per sequence. Primers 344 (A) and (B) contain the highest number of mismatches (Table 3) . Primer ARC344F (B) contains fewer degeneracies and is longer than both ARC344F (A) and ARC349F. As a result, it has a substantially higher overall frequency of mismatches than the two other primers targeting the same region.
The primer mismatches were not evenly distributed among the phylogenetic groups, as summarized in Tables 2 and 3 . For example, primer ARC516 did not match any of the phylotypes affiliated with the MBG-D lineage, whereas there was a good match with all the other primers. Primers ARC915R and Ar9R both have frequent mismatches within the SAGMEG, MHVG and AAG lineages. Primer Ar9R matches only 15% of the DSAG phylotypes, largely due to a single mismatching adenine at the 3 0 end of the target region (Supplementary Table S8 ). Primer ARC958R had a high frequency of mismatches with members of the AAG, DHVEG-6, DSAG, MG-1 and MHVG Archaea. On average, members of the AAG, DHVE-6 and MHVG Archaea had 2.0, 1.7 and 1.9 mismatches per sequence-more than 50 times the average number for the Haloarcula (0.03) and more than 8 times the number for the A/T/M cluster and the microbial genome database for comparative analysis archaea (0.2) ( Table 3) .
Evidence for primer bias From the above, it is clear that most of the PCR primers considered here contain numerous and frequent mismatches with several of the most abundant phylogenetic groups found in subsurface environments. How might this have affected the phylogenetic composition of clone libraries? And what are the implications for estimates of abundance and diversity of archaea in subsurface environments? The sites listed in Table 6 are so far the only subsurface sediments that have been examined at least twice independently using different PCR primers. Diverging clone library representation of specific archaeal groups may be a consequence of primer-related bias. The bold values in Table 6 highlight archaeal groups with diverging representation in clone libraries from the same sites. Phylotypes affiliated with SAGMEG were consistently less frequent in clone libraries obtained with ARC915R than with ARC958R; this effect can be seen in the clone libraries of Sites 1227 and 1229 (Table 6 ). Conversely, MBG-B/DSAG Archaea were less frequent when ARC958R rather than ARC915R Table 3 The average number of mismatching nucleotides per sequence for different phylogenetic groups and primers; calculated from the same data as Table   Archaeal Deep marine subsurface archaea A Teske and KB Sørensen was employed; this effect can be seen in the clone libraries of site 1227, and with caution, at Site 1230 (Table 6 ). Both these observations are consistent with the mismatch numbers listed in Tables 2 and 3 . DGGE results obtained with PARCH519R in combination with forward primer Saf341 (5 0 -CCT AYG GGG CGC AGC AGG-3 0 ) suggest that SAGMEG Archaea are abundant at ODP Sites 1228 and 1229 while MCG Archaea were not detected at all (Table 6 , the two DGGE columns for Sites 1228 and 1229). Is this result a consequence of an extreme selectivity of the PARCH519R primer, or is it the result of the Tables S2 and S3 ). The poor representation of MCG Archaea during these two DGGE studies may thus be caused by a poor match with the forward primer Saf341. Naturally, such comparisons of independent studies are complicated by the fact that different protocols may have been employed during extraction and/or PCR. Furthermore, in some cases RNA rather than DNA was extracted and analyzed. However, the observations discussed above are consistent with the kind of primer bias that may be expected from Tables 2  and 3. Taq-man based Q-PCR has been employed to quantify archaeal populations in several subsurface sediments (for example, Coolen et al., 2002; Schippers et al., 2005; Inagaki et al., 2006) . Judging from clone libraries, archaeal populations at several of the ODP Sites investigated are dominated by members of the MCG Archaea (for example, Peru Margin Sire 1227). Primer ARC349F which was used during these quantifications matches less than 10% of the MCG Archaea and the average number of mismatching nucleotides is relatively high (1.4, Table 3 ). It thus seems likely that MCG-dominated archaeal populations have been underestimated due to inefficient primer annealing.
The most direct evidence for a primer-related exclusion of a phylogenetic group comes from Peru Margin Site 1227 (Figure 2 ; Sørensen and Teske, 2006) . Two clone libraries were obtained from the same RNA extract using RT-PCR with primer ARC915R or ARC519R in combination with the same forward primer. Consistent with the frequency and gravity of mismatches (Tables 2 and 3) , sequences affiliated with the AAG Archaea were detected only with primer ARC519R. Members of the AAG are unlikely to be amplified using either of the primers ARC915R or ARC958R since almost all the phylotypes contain four or more mismatches. The same is the case for the DHVE-6 Archaea as most of these sequences contain three or more mismatches with either of the two primers.
Implications: have we caught them all?
The observation that groups like the DHVE-6, MHVG and AAG contain numerous mismatches with almost all the primers tested in this study and are only rarely retrieved in 16S rRNA surveys, points to the possibility that significant and so far unsampled archaeal diversity may exist in deep subsurface environment. A case in point is the discovery of the nanoarchaea (Huber et al., 2002) , whose 16S rRNA sequences became accessible only after design of novel terminal 16S rRNA primers . A first step in revealing hidden diversity in subsurface sediments could be to employ new and improved primers. For example, omitting the final C and introducing a degeneracy (Y) at the eleventh position of primer Ar9R will correct most of its mismatches with members of the DSAG/MBG-B and SAGMEG lineages. Screening against the RDP database using oPROBE MATCH4 indicates that this modified Ar9R primer is still sufficiently specific for the archaea, although some bacterial sequences, particularly members of the Mycoplasma, were targeted when allowing just a single mismatch. Even after these modifications, primer ARC915R contain mismatches with most of the AAG and MHVG sequences. These can be corrected by introducing more degeneracies (positions 5 and 12), but only at the expense of less specificity.
The design of new primers as well as the systematic use of several different primer combinations may improve the chances of sampling the full diversity of subsurface archaea. Ultimately, alternative methods that do not depend on the design and employment of oligonucleotide primers may reveal to what degree cloning and sequencing of PCR products gives a representative picture of microbial biodiversity in subsurface sediments. For example, strand displacement amplification of environmental DNA (reviewed in Hutchinson et al., 2005; Zhang et al., 2006) can generate sufficient amounts of DNA for further sequence analysis from DNA-limited sediment samples (Raghunathan, 2005; Abulencia et al., 2006) . The method can be combined with highly efficient pyrosequencing of deep subsurface genomic DNA (Biddle, 2006) . Isotopic and genomic methods could target single phylotypes by flow cytometry, and open new possibilities for a better understanding of the uncultivated subseafloor microbial components (Eek et al., 2007; Podar et al., 2007) . Novel archaea that lack natural reservoirs where they occur in high densities, could be enriched using small-scale culture enrichments and physical cell separation and sorting (Kalyuzhnaya et al., 2006) . Thus, a much greater proportion of the microbial world would be in reach for genomic and functional gene analyses; the recently postulated 'Rare Biosphere' would become accessible (Sogin et al., 2006) .
Deep subsurface sediments are the spatially largest habitat for microorganisms on Earth and play an important role in the global carbon cycle. It is also one of the least understood microbial systems on Earth. Although preliminary insights into the biogeography of archaea in this environment have been revealed by amplification and characterization of DNA and RNA, the factors that control the distribution and function of prokaryotes in the subsurface remain poorly understood. Future studies, PCR-based as well as PCR independent, will improve the understanding of this vast habitat and help further integrate the phylogenetic and biogeochemical patterns observed.
